We present an analysis of strong laser-driven electromagnetic pulses using novel electro-optic diagnostic techniques. A range of targets were considered, including thin plastic foils (20-550 nm) and mass-limited, optically-levitated micro-targets. Results from foils indicate a dependence of EMP on target thickness, with larger peak electric fields observed with thinner targets. Spectral analysis suggests high repeatability between shots, with identified spectral features consistently detected with <1 MHz standard deviations of the peak position. This deviation is reduced for shots taken on the same day, suggesting that local conditions, such as movement of metal objects within the target chamber, are more likely to lead to minor spectral modifications, highlighting the role of the local environment in determining the details of EMP production. Levitated targets are electrically isolated from their environment, hence these targets should be unable to draw a neutralization current from the earth following ejection of hot electrons from the plasma, in contrast to predictions for pin-mounted foils in the Poyé EMP generation model. With levitated targets, no EMP was measurable above the noise threshold of any diagnostic, despite observation of protons accelerated to >30 MeV energies, suggesting the discharge current contribution to EMP is dominant.
Introduction
Intense electromagnetic pulses (EMP) are often observed alongside high-intensity laser-matter interactions [1] [2] [3] [4] [5] [6] [7] [8] [9] , such as those studied in petawatt-class laser facilities [10] . These transient radiofrequency (RF) fields can be problematic for experiments due to their coupling to electronic devices in the immediate vicinity, with the potential to damage valuable equipment or result in data losses from electronic diagnostics, such as CCD cameras. Despite these issues, EMP can be used as a complementary diagnostic, and as a source of intense fields for radiation-hardening tests or electromagnetic compatibility applications.
During intense laser-plasma interactions, hot electrons are ejected from the target, resulting in a netpositively charged plasma. EMP generation is typically attributed to two complementary models: firstly, the ejected electrons strike the metal walls of the target chamber, acting as a charge stimulus which excites the electromagnetic resonant cavity modes [10] . The second (Poyé) model relates to the dynamic target charging leading to a discharge current of cold electrons drawn through the target support assembly to maintain quasineutrality; this transient current results in antenna-like emission from the target holder [11, 12] . However, target geometry's role in EMP generation has not been extensively studied. Poyé describes a dependence on the surface area of planar targets due to lowering of the potential barrier experienced by electrons as charge redistributes across the surface [11] , but there are no published results using "unconventional" targets such as ultra-thin plastic foils or mass-limited isolated spheres. In this work carried out at Vulcan Petawatt and the Cerberus laser system at Imperial College (an OPCPA system operating at 1054 nm), we consider the effects on EMP of varying the thickness of plastic foil targets, and using levitated micro-targets trapped in-vacuo using an optical levitation trap developed by Price et al [13] .
Electro-optic (EO) probing techniques are inherently low-noise, as signal transport is achieved via optical fiber-link to which ambient EMP fields do not couple. Furthermore, they provide absolute measurements of electric fields via the longitudinal Pockels effect in optical crystals, where polarization changes scale linearly with the electric field in a crystal [14] . Hence, no numerical integration is required to determine the fields, such that constant or low-frequency field components are recovered. The data presented in this article was obtained using the EO diagnostic described in detail in a separate publication [15] , and a more compact version during Cerberus experiments, described in Section 2.
Experimental Architecture
The diagnostic setups deployed for EMP measurement during the Vulcan and Cerberus experiments studying laser-interactions with novel targets are shown in Fig. 1 .
Fig. 1:
The prototype and second generation electro-optic EMP diagnostics used for experiments at (a) Vulcan PW (adapted from [15] ), using a free-space setup with the laser split between two KDP probes mounted on metal breadboards using a beam-splitter (BS), and (b) using the Cerberus laser.
At Vulcan, the probe KDP crystals were oriented to have their longitudinal axes aligned with the Vulcan target chamber North-South (N/S) and East-West (E/W) directions, and were located 1.25 m from target chamber centre (TCC), with no direct line of sight to the target; this setup is described in greater detail in [15] . For the Cerberus experiment, a more compact all-dielectric single channel diagnostic with fiber beam transport into and out of the chamber was used, such that no loss of optical alignment occurred upon moving the diagnostic or pumping down the chamber to low pressures.
As the Cerberus laser energies on-target were considerably less than at Vulcan (~1-2 J at ~650 fs instead of ~300-400 J, both focused to ~5 µm FWHM spots), the KDP was placed within the 1 m diameter steel spherical chamber, 0.25 m from the target, where the EMP fields radiated from the target assembly are expected to be stronger according to a 1/r 2 scaling. The sensor crystals were shielded by 5 mm of plastic, with opaque tubes enclosing the beam path to minimize stray light collection by the output fiber-coupling optics.
3 Time-domain electric field behaviour
Foil targets
Key shot and target information relating to the ultra-thin plastic targets used during the Vulcan experiment can be found in Table 1 . The Vulcan results give some indication that the peak EMP fields generated during the interaction lightly scale with the target thickness, with a trend towards peak fields increasing with decreasing thicknesses, as seen in Fig. 2 . Only the dominant N/S mode results are shown, as the weaker E/W results suffer from signal-to-noise issues, making interpretation difficult. Conversely, the drive pulse energies on target do not seem to strongly affect the peak E-fields detected by the EO diagnostic, at least within the small energy range and target thicknesses considered, shown in Fig. 3 . The error bars are determined by the noise level on a given shot (annotated), where we have defined error bar lengths by the apparent E-field obtained by processing the reference noise channel data as if it were an E-field measured using EO probes. Although the dataset is small and thus care must be made when drawing conclusions, this data-set represents the first potential experimental observation of the phenomenon of enhanced EMP with thinner foil targets. This observation might be explained by a limited version of enhanced electron heating that occurring in the relativistic regime when the electron skin-depth (as seen by the drive laser) is comparable to the target thickness; even in a classically over-dense plasma, where fields do not propagate, the laser field still exerts a ponderomotive drive on the electrons within the target plasma, resulting in rapid and efficient heating of electrons. These effects have been observed for ultra-thin targets in both simulations and experiment by Yin and Albright, during investigations of ion acceleration in the relativistic transparency or laser break-out afterburner (BOA) regimes [16] [17] [18] , although the pulse temporal contrast at Vulcan (~10 6 over 200 ps) is too low to properly access these regimes. No EMP was detected from Al-foil targets with Cerberus shots -only optical scatter or selfemission coupling into the output fiber was measured suggesting that much weaker EMP fields are generated by joule-level drive pulses.
During the experiment, the E-field detection threshold of the EO-EMP diagnostic was in the range of ≈400-700 V/m, depending on the base voltage level above noise on the photodiode for a given shot. This threshold is approximately half that achieved during the Vulcan experiment, due to the mean zero-field signal on the photodiodes being ≈50 mV instead of ≈20 mV. Hence, the Cerberus EO data can only tell us that the electric field component of the EMP from levitated target or solid target shots driven by few-TW laser pulses (focused to ≈ 5-10 µm spot diameters) is less than ≈500 V/m, despite the probe being placed 20 cm from TCC, compared to 1.25 m while at Vulcan PW. This highlights the relative insensitivity of EO diagnostics in comparison to conductive probes, although strategies for improving this are outlined in [15] .
As the EO probe is mobile, measurements were attempted along and perpendicularly to the interaction chamber's radial axis, as well as at 180° to potentially reduce the amount of incident scattered light, in order to determine if peaks were self-emission or real fields. The distance of the probe crystal from TCC was kept fixed. This means that the radiated electric field strengths were less than ≈500 V/m in all probing directions, which is still a relatively large value. As an additional check, the Faraday cage containing the oscilloscope was left open for some shots to look for ambient electrical noise; none was detected on the oscilloscope. This suggests that there is very little EMP emission from the few-joule laser-matter interactions achievable with Cerberus.
Optically levitated micro-targets
According to the Poyé model, the return current drawn through the target assembly is a key contributor to EMP generated in a laser-plasma interaction. Hence, a target geometry which is completely electrically isolated from the interaction chamber and earth should remove the antenna-like RF radiation component from the target holder, and consequently reduce the EMP. Optically levitating targets is a practical method for achieving these conditions. At Vulcan, ≈10 µm silicone oil droplets were used due to their in-vacuo stability. Further development of the optical trapping technology by S. Giltrap has since enabled hollow spherical shell targets to be trapped, alongside oil droplets and glass spheres; these were also shot during the Cerberus campaign.
The EO diagnostic was unable to detect any EMP, above the minimum resolvable field-strength limit set by experimental noise, from interactions with levitated micro-targets using either Cerberus at the few J level, or more significantly, Vulcan PW at >300J, where accelerated protons of energies >30 MeV were observed from droplets with no accompanying EMP; the ion acceleration with EMP reduction results will be discussed separately in an upcoming publication led by S. Giltrap. Hence, any generated EMP fields were below the experimental electrical noise level, meaning any fields were less than ≈1 kV/m and ≈500 V/m during the Vulcan and Cerberus campaigns respectively, and are thus not a significant concern for electrical interference with laboratory equipment. Another upcoming article, led by F. Consoli, will separately cover the comparison between a suite of different EMP diagnostics.
Spectral analysis of EMP
EMP spectral information can be obtained by Fast Fourier Transform of the time-domain data; an example spectrum (shot #29) and the ambient EMP noise spectrum from an identical adjacent photodiode and fiber-coupling system are shown in Fig. 4 , with the horizontal-plane characteristic modes of the Vulcan PW interaction chamber (without in-chamber metallic hardware), calculated by Mead et al. [10] is indicated by the dotted lines at 76, 101, 152, 202 and 228 MHz. Table 1 . The characteristic chamber cavity modes predicted by Mead for Vulcan PW [10] are indicated by the dotted lines. The reference channel spectrum, using an identical photodiode and fiber-coupling system, is shown to demonstrate the contribution of ambient EMP coupling to the read-out system.
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From this, it is clear that the measured peaks are detected by the probe, with the exception of the 82 MHz feature, corresponding to the vertical fundamental mode of the Vulcan interaction chamber and the ≈140 MHz feature. The analysis in the following sections will examine the detailed shot-to-shot reproducibility and variation of spectral measurements with experimental parameters.
Reproducibility of spectral features
The reproducibility of the Vulcan EMP measurements shot-to-shot is important to quantify when deploying novel diagnostics. While there are indeed some differences in the spectra, numerous common spectral features, summarized in Table 2 , are observable on all shots, irrespective of target or drive laser pulse parameters. Spectral components up to 200 MHz are shown, as above this frequency the signal-to-noise ratios were too small for meaningful conclusions to be made. Certain components, such as the chamber fundamental modes, are expected to be measured on every shot as the bulk in-chamber architecture (optical tables etc) remains fixed. As previously discussed, other variations in the EMP's spectral content can be attributed to the movement of conductive material such as optical mounts in the chamber between shots, which was not specifically controlled during the experiment. Within the diagnostic's bandwidth range (0-250 MHz), the spectral resolution is limited to ~0.21 MHz, in this case by the oscilloscope time-base settings and sampling frequency. A higher degree of reproducibility between shots taken on the same day of the experiment can be seen in the spectra from shots #18, #19 and #20 of the Vulcan campaign. The other 3 shots, (#14, #25 and #29) all took place on different days during the experiment. The reproducibility is quantified by considering the standard deviation (SD) in the mean center-frequency σ/√n of features measured for a given identified frequency value (Column 1 of Table 2 ), where we have divided by √n to account for differing sample sizes. The SD for the set of shots restricted to the single day S rs , was then subtracted from the SD all the shots, S all , and the differences plotted in Fig. 5 . A positive difference value indicates that the SD in the mean peak position for an identified spectral feature is smaller for the restricted dataset; a majority (8 of the 12) features, exhibit a value ≥ 0, suggesting a higher degree of spectral reproducibility between shots taken on the same day. This chronological link, with no clear trend linked to target or shot parameters, suggests that minor spectral modifications are more likely to be linked to movement of conductive objects within the interaction chamber between shots on different days, which can affect the frequency modes supported within the chamber [3] . Although it was not monitored and thus cannot be properly confirmed, there is a greater likelihood that the positions of metal objects within the chamber were more similar for shots taken on the same day. While the dataset, and hence sample size, is small such that is difficult to draw reliable conclusions, this evidence suggests the internal chamber architecture and contents are a dominant factor in determining the spectral makeup of the EMP, rather than the thickness of the plastic foil targets used. This does not imply that target geometry is unimportant, as the plastic foils mainly differed in thickness, and no EMP was observed with levitated targets. Furthermore, the target holder assembly was identical for foil shots; as this forms part of the radiating element according to the Poyé model, it follows that the frequency content of the initial radiated EMP will remain consistent. This lack of spectral dependence on the target thicknesses is in contrast to the peak E-fields measured, which are dependent on the ejection of hot electrons, and hence the plasma electron temperatures.
An interesting feature of the electro-optic EMP data is that some of the fundamental chamber resonant modes were observed in the measurement direction perpendicular to their expected direction; for example, the electric field directions of 76 and 152 MHz modes were predicted to be along the E/W chamber direction by Mead et al. [10] , rather than N/S. In an electromagnetic EPJ Web of Conferences 167, 03007 (2018) https://doi.org/10.1051/epjconf/201816703007 PPLA 2017 parallelepiped-shaped hollow cavity, TE and TM cavity modes are allowed. Some of these modes are degenerate, so share resonance frequencies. Moreover, the presence of objects in the chamber can locally change the modal field distribution without changing the resonance frequency remarkably [3] .
Time-frequency analysis
Short-time window Fourier analysis techniques can be used to infer information about the dynamical evolution of spectral modes emitted following the laser-plasma interaction. The spectrogram for electric fields measured along the N/S direction is shown in Fig. 6 . From this, a late-time, secondary detection of EMP fields with frequencies matching the interaction chamber cavity modes was observed. The most likely explanation for this behaviour is that the two previously discussed mechanisms contributing to EMP generation are temporally offset; an electron bunch ejected from the target plasma will have a finite transit time to the interaction chamber walls, whereas a positively charged target can immediately draw a neutralization current through its supporting mechanical assembly. Table 1 ). There appears to be some late-time activation of the expected interaction chamber modes, likely due to the ejected electron bunch striking the chamber walls after a finite transit time, whereas EMP radiated due to the discharge current through the target holder can occur as soon as the target becomes positively charged. This plot has been adapted from [15] .
This explanation can be tested against time-of-flight (TOF) measurements, sensitive to charged particles and X-rays. We were not able to obtain TOF diagnostic data for the shots with EO-EMP data, however the TOF data from one of the other shots in the series (#21) is still useful for providing some insight into the delayed activation of the chamber cavity modes. A synthetic monocrystalline CVD diamond detector was used as a TOF diagnostic. This was fabricated by Tor Vergata University laboratories with superficial interdigitalized electrodes [19, 20] and operated by colleagues from ENEA-Frascati. It was placed in the Vulcan chamber's western wall, with a direct view of the target and 100 V biasing, at distance of ≈1 m from TCC.
A TOF trace for shot #21 is shown in Fig. 7 ; from this, we can observe the separate arrival of X-rays (at 390 ns) as well as "fast" and "slow" particles (above 490 ns) at the diamond detector. As the ambient EMP noise coupling proved problematic to shield, a 60 m length of RG58 cable was introduced between the detector and the oscilloscope, adding a delay of ≈311 ns and temporally separating the EMP background from the diamond signal. The X-ray photo-peak provides a reference for the shifted T 0 , the time of the initial laser strike, relative to other features, as the time taken for prompt photons emitted from TCC to reach the diamond was calculated to be ≈3.3 ns. The arrival of fast particles (few-MeV fast ions, few-keV electrons) peaked ≈100 ns after the photopeak, followed by a broad peak representing slower charged particles. These timescales are approximately consistent with the N/S mode EMP spectrogram for shot #29 (Fig. 6) , where secondary activation of the fundamental chamber modes can be seen ≈110 ns after the initial EMP emission. Although we expect some shot-to-shot variation in the speeds to which ejected fast particles are accelerated, there should be some finite time between fast electrons striking the chamber walls and excitation of RF modes. This provides some evidence for the cavity modes being excited later in time by ejected particles striking the chamber walls, while the radiated fields emitted from the target assembly due to the neutralization current occur earlier in time, closer to T 0 .
If true, this implies that the RF-emission from the target assembly is the larger contribution to EMP in experiments of this type, which could explain the lack of measurable EMP from shots with optically levitated EPJ Web of Conferences 167, 03007 (2018) https://doi.org/10.1051/epjconf/201816703007 PPLA 2017 micro-droplets, which have no physical discharge current path but still result in charged particle ejection.
Conclusions
Although the electro-optic EMP dataset obtained from Vulcan PW is limited to only 6 shots, there appear to be certain trends identifiable from the time-and frequency domain data. Firstly, the peak EMP E-fields from ultrathin plastic foil targets appear to negatively correlate with the target thickness; this cannot be explained simply by energies on target being higher for certain shots, as there is no clear correlation between the input energy and the measured peak fields. Hence, at least within the restricted ranges of energy and target thicknesses considered, we suggest that EMP produced by a laserplasma interaction scales with the target geometry, potentially due to enhanced electron heating when the thickness of targets is comparable to the electron skin depth. The lack of measurable EMP from electricallyisolated, optically-levitated, targets also indicates that removing the discharge current component of EMP is very significant in mitigating the EMP problem.
In contrast to the peak intra-crystal field values, the EMP spectra obtained do not appear to show any strong dependence on target thickness, with spectral features largely being reproduced in approximately the same positions on every shot. There appear to be minor shotto-shot variations in the position of several identified spectral features, quantified by the standard deviations of the mean center frequency, which appear to be reduced for shots taken on the same day. This suggests that minor modifications to spectral features are more likely to be driven by movement of conductive objects within the chamber, as opposed to variation in target thicknesses.
Time-frequency analysis combined with time-offlight measurements, which show a late secondary appearance of frequencies matching the resonant cavity modes ≈10 ns after the arrival of fast electrons at the chamber walls, also tentatively suggest that the cavity modes activate later in time than the initial EMP emission (which may include frequency components matching the cavity modes). We thus consider the earlytime EMP contribution to be RF-emission from the target assembly, as in the Poyé discharge current model.
Additional shots at petawatt facilities are required to confirm these observations, however they provide a starting point which can be used to tailor experiments further studies into laser-driven EMP generation, in terms of experimental parameters such as target type and target holder design, particularly as ultra-high energy petawatt systems such as PETAL and Apollon 10 PW become active.
